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 Secondary organic aerosol (SOA) makes up a large proportion of organic, fine particulate 
matter in the atmosphere and has an impact on climate and human health. Various sources of 
SOA precursors have been identified, but of particular interest to the Petrucci research group is a 
subset of biogenic volatile organic compounds (BVOCs), green leaf volatiles (GLVs). Upon 
oxidation of these precursors by ozone, SOA is formed and measurements for chemical analysis 
can be taken, however, current methods pose limitations to the analysis of ultrafine (particle 
diameter of 50 nm and smaller) and solid phase particles. 
 Aerosol mass spectrometry (AMS) is the standard method by which to perform chemical 
analyses on SOA particles. The Petrucci group has developed a mass spectrometer that uses 
near-infrared laser desorption/ionization (NIR-LDI) along with a time-of-flight mass 
spectrometer for chemical analyses of SOA particles. However, the particle lens, which aligns 
particles into a beam focused onto an aluminum wire probe for deposition, inefficiently 
collimates ultrafine particles. Additionally, solid particles directed at the probe can bounce off 
and are lost, preventing subsequent measurement. These limitations are surmounted by a method 
developed and described herein for coating particles with an organic matrix. This matrix 
artificially grows ultrafine particles to a size that can be sampled by the particle lens into our 
mass spectrometer and which coats solid particles in a liquid layer so that they may stick to the 
probe for measurement. 
 Dioctyl sebacate (DOS) and squalane (Squ) are proposed for use as the organic matrix to 
artificially grow and coat ultrafine and solid particles of interest for chemical analysis. Growth 
apparatuses were designed and optimized for coating SOA particles generated in an 
environmental chamber. The NIR-LDI-AMS spectrometer and scanning mobility particle sizers 
(SMPSs) were used to study these particles both with and without organic coating. Use of both 
DOS and Squ showed that particle growth and measurement was possible, but due to significant 
particle transmission efficiency inconsistencies through the growth apparatus and the appearance 
of matrix ions in mass spectra, DOS was deemed unsuitable for further use. Using Squ, 
optimization for maximum and consistent particle transmission efficiency (~80-90%) through the 
growth apparatus was achieved. Furthermore, few spurious ions were generated for squalane-
coated SOA particles. Therefore, Squ was deemed suitable for artificial growth and coating of 
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Organic aerosol in the atmosphere is composed of primary organic aerosols (POA), 
which are emitted directly into the atmosphere mainly as a result of fossil fuel or biomass 
burning
1
, and secondary organic aerosol (SOA), which forms in the atmosphere via oxidation of 
volatile organic precursors that are already present
1,2
. Secondary organic aerosol is categorized 
by the semi- and low-volatility chemical products
3
 formed when a volatile organic compound 
(VOC) is oxidized in the atmosphere
2,3







. Understanding the composition of atmospheric SOA particles and the 
chemistry that they undergo throughout their formation and ageing processes is a focus of the 
Petrucci research group. Of special interest is the chemistry that occurs at the earliest stages of 
SOA formation. This chemistry may have an impact on how those particles age and the chemical 




SOA formation and ageing processes are of particular interest due to their impact on the 
atmosphere and environment
2
. Aerosols in the atmosphere are known sources of radiation 
absorption and scattering, and therefore contribute to the climate
2,9
. Furthermore, these aerosols 
can form clouds
10
, changing the atmospheric albedo and impact cloud coverage, lifetime, and 
rainout events
7
. Understanding the formation and ageing processes of different VOC precursors 
to SOA chemical systems is important in understanding the overall impact of these aerosols on 
the climate
9
 and on human health
12
.  
Approximately 90% of VOC SOA precursors in the atmosphere are released by biogenic 
sources (BVOCs)
2,13,14
. A subset of BVOCs that contribute significantly to the overall SOA 
population in the atmosphere are green leaf volatiles (GLV)
6,7
, which are released by plants 
2 
 
when tissue damage occurs, and are also important for plant signaling. The release of GLVs can 
occur in many ways, including the simple process of cutting turf grass
7,14
, or chopping down 
sugar cane
15,16
. The research done in the Petrucci group can therefore be applied to the overall 
understanding of SOA contribution by these processes. Acting as precursors to SOA formation, 
the GLVs of particular interest in this research group, and this project, include cis-3-hexenyl 
acetate (CHA) and cis-3-hexenol (HXL)
6,14
. 
Aerosol mass spectrometry (AMS) has become the standard method to determine the 
chemical composition of SOA particles. The Petrucci laboratory has developed a soft ionization 
mass spectrometer that facilitates deconvolution of SOA particle chemical profiles. However, 
like all AMS instruments today, particles are sampled via a particle inlet that is inefficient at 
sampling ultrafine particles with diameters less than 50 nm
17,18
. This limitation inhibits our 
ability to chemically analyze SOA at and immediately following particle formation (i.e. genesis), 
as the particles are typically only a few tens of nanometers in diameter
19
. Measurements taken at 
particle genesis are important for understanding the formation chemistry of these aerosols, which 
in turn impacts their atmospheric ageing and ultimate role in atmospheric processes.
20-22
 
Therefore, the scope of my thesis project is the development of a method to artificially grow 
these ultrafine particles to greater than 50 nm by condensation of an organic matrix prior to 















2.1 Organic Aerosols 
 
Fine particulate matter is defined by the EPA as inhalable particles that are 2.5 
micrometers or smaller (PM2.5) in aerodynamic diameter, including combustion particles, metals, 
and organic compounds. The maximum allowable total aerosol particulate mass (inorganic and 
organic) permitted in the atmosphere is regulated by the EPA’s National Ambient Air Quality 
Standards, but their directives do not consider the chemical composition of the aerosol mass. 
Organic aerosol contributes 20-90% of fine particle matter
1,2,9
, and of these contributions, 70-
90% is of secondary nature (i.e. secondary organic aerosol).
2,23
 Furthermore, the atmospheric 
impacts attributed to SOA such as radiation absorption and scattering
2,9
, increased cloud albedo, 
and increased cloud lifetime
1
 suggest that their relatively low total mass is not an accurate 
reflector of their atmospheric relevance. Because of their roles in the atmosphere and climate, the 
chemical complexity of SOA particles is important to understand. Understanding these 
complexities could help to model the effects on the atmosphere and climate in different regions 
of the world, how interactions with different environmental conditions could cause variability in 




2.2 Green Leaf Volatiles  
Sources of SOA precursors are varied and include anthropogenic and biogenic sources. 
Anthropogenic (A) VOCs include emissions from fossil fuel combustion, solvents, and industrial 
processes.
24
 Biogenic (B) VOCs include emissions from trees, grasses, and the oceans
2
, and 
make up most of the VOC mass that forms SOA.
1,2
 Because BVOCs contribute to such a large 
proportion of SOA precursors (90%, globally
7
), the work in the Petrucci research group is 
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focused on studying specific sources of BVOCs and the properties of the SOA that they produce. 
A subset of BVOCs called green leaf volatiles (GLV), which remain poorly studied and 
understood, was recently shown to make significant contributions to overall SOA mass in the 
atmosphere.
14
 GLVs are emitted by leafy plants for a number of reasons, including as a response 
to plant tissue damage and plant signaling. When one considers the large areas of the world 
covered by turf grasses and other types of leafy plants, the need to study the SOA forming 
potential, chemistry and atmospheric ageing is clear.  
 The primary GLV emissions from turf grass include cis-3-hexenyl acetate (CHA) and cis-
3-hexenol (HXL)
14
. Oxidation of both CHA and HXL with ozone to form their respective SOA 
products has been studied by the Petrucci group in efforts to understand how processes such as 




  While HXL and CHA SOA systems have both been studied and chemical mechanisms of 
formation and ageing under dry conditions have been proposed
7
, more recent observations of 
these systems have led to a realized need for a new method of measurement. Under humid 
conditions, the CHA-derived SOA system showed a unique mass spectrum to that of the CHA 
SOA observed under dry conditions, suggesting a different chemical mechanism of initial 
particle formation and ageing. These differences are important in our research to understand how 
SOA contributions to the atmosphere and environment are impacted by higher levels of water 
vapor (humidity) in the air.  
CHA-derived SOA particles generated under dry conditions form with diameters between 
50 nm and 60 nm. Upon ageing, condensable organic vapors also partition to these particles and 
the mean particle size increases with time. On the other hand, when generated under conditions 
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of high relative humidity (RH, 75%), the CHA-derived SOA particles were near 20-30 nm in 
diameter upon formation; too small for mass spectrometry measurements to be obtained due to 
inefficient particle sampling with the aerodynamic lens. Figure 1 shows typical size distributions 
at particle formation under dry (Figure 1-a) and humid (Figure 1-b) conditions. Because a goal of 
the research conducted in this field includes furthering the understanding of the chemistry that 
occurs during SOA formation, being able to take mass spectrometry measurements at particle 
genesis is necessary.  
 






2.3 Aerosol Mass Spectrometry 
Aerosol mass spectrometry (AMS) has become the standard method for chemical 
analyses of SOA products, and the Petrucci group has developed a mass spectrometer that 
utilizes soft ionization to minimize fragmentation, thereby facilitating deconvolution of the mass 
spectra.
25
 Near-infrared laser desorption/ionization aerosol mass spectrometry (NIR-LDI-AMS) 
is employed for mass spectral chemical analyses, along with a time-of-flight mass spectrometer. 
The instrument is shown in Figure 2 and is described in detail elsewhere.
25
 
Briefly, the NIR-LDI-AMS spectrometer samples aerosol via a particle inlet consisting of 
a system of concentric orifices that pump away atmospheric gases, while simultaneously 
collimating particles into a beam. This assembly of orifices that are pumped differentially is 
commonly termed an aerodynamic lens. The particle beam formed by the aerodynamic lens is 
directed at the tip of an aluminum wire probe where the particles are deposited by impaction. In 
our research, the particles are ionized by a low energy, near-infrared laser pulse, which 
eliminates molecular fragmentation and greatly facilitates chemical analysis using a time of 








A limitation of all current instruments using aerodynamic lenses for aerosol sampling is 
that they efficiently collimate only particles with diameters greater than 50 nm.
26,27 
This 
precludes their use in studies of SOA formation, especially under humid conditions, where 
particle diameters are well below this limit. An additional complication of using an aerodynamic 
lens is that particles are accelerated to almost sonic velocities prior to impaction onto the 
aluminum wire probe. At these high velocities, solid-state particles may rebound from the probe 
upon impaction (and so are not sampled) prohibiting them from being measured. Therefore, there 
is need for a method by which ultrafine and solid aerosol particles can be artificially 
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grown/coated to a size that can be efficiently sampled by the particle lens as well as inhibit 
bouncing of solid particles for subsequent mass spectral analysis.  
 
2.4 Particle Coating 
For effective use of an organic coating in particle sampling for aerosol mass 
spectrometry, several criteria must be met: (1) the matrix must be inert, so as to prevent reaction 
with particle components; (2) it should be of high-enough volatility to enter the vapor phase at 
temperature low enough to minimize volatilization losses of particle components; (3) its 
saturation vapor pressure at the operating temperature should be high enough to minimize 
(ideally, prevent), homogeneous nucleation of pure matrix particles; and, finally, (4) the 
chemical structure of the organic must be such that no measurable signals are observed from the 
matrix during chemical analyses of coated SOA products. Based on these criteria, two potential 
candidates for the coating matrix were identified: Dioctyl sebacate (DOS) and Squalane (Squ). 
The chemical structures and properties leading to the identification of both DOS and Squ as 
suitable candidates are listed in Table 1.
31-34
 
To the best of our knowledge, only one report has appeared in the literature where the 
authors used dioctyl sebacate, a high viscosity, low boiling point organic ester, to coat 
ammonium sulfate particles prior to sampling into an aerosol mass spectrometer.
28
 Other than an 
improved detection efficiency of the ammonium sulfate particles, the authors reported no 
systematic studies of the coating process or the impact of the added matrix on chemical analysis. 
Squalane, another viscous organic matrix, has also been proposed as a coating for reaction rate 
studies
29
 and for photoelectron attenuation through a thin coating
30
, but no reports have been 
published with respect to its use as a means of improving aerodynamic lens performance for 
aerosol mass spectrometry. 
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Table 1: Dioctyl Sebacate and Squalane Physical and Chemical Properties 



















2.5 Thesis Description 
Herein I will describe the methods devised for mass spectrometric sampling and 
measurement for the applications of artificial growth of small particles (less than 50 nm 
diameter) and solid phase particles. Artificial growth was achieved by the condensation of matrix 
vapors onto these particles through a unique growth apparatus. Particle growth within the coating 
apparatus was measured and quantified with scanning mobility particle sizers. Subsequent mass 
spectrometry measurements of these particles were carried out to evaluate possible matrix effects 
introduced by the coating. The growth of ultrafine and solid particles will allow for aerosol mass 
spectrometric chemical analysis of SOA particles previously inaccessible to existing methods. 
 
3. METHODS 
3.1 Particle Generation 
3.1.1 Secondary Organic Aerosol 
Aerosol particles for experimental runs were generated in the particle genesis chamber 
(PGC), a 750 L Teflon bag with ports extending to areas outside the bag from which samples 
could be taken for measurement, or injections to the PGC could be made. Adjacent to the PGC, a 
10 
 
heating mantle equipped with a three-neck, pear-shaped flask was set up for GLV injection with 
particle-free air (also termed zero air) flowing through it.  
 Aerosol particle generation was initiated by injection of 1 μL of GLV (either CHA or 
HXL) into the three-neck flask contained by the heating mantle and flowing zero-air through it 
for 10 minutes to ensure that all of the GLV was transferred to the PGC. An injection of 1μL 
resulted in a GLV mixing ratio of approximately 700 ppb. The PGC was allowed to equilibrate 
for several minutes before a 10-second burst of ozone was injected to the PGC from an ozone 
generator, yielding about 1000 ppb ozone. Using a commercial particle sizing instrument 
(Scanning Mobility Particle Sizer, (SMPS), Model SMPS 3080 and 3082, TSI Inc, MN, USA), 
aerosol particles generated from the ozonolysis event were detected. The SMPS was also used to 
measure the size and number of particles formed (i.e., the aerosol size distribution). Assuming 
spherical particles and an average particle density of 1.2 g/cm
3  35
, the absolute particle mass 
loading (CSOA) could be estimated. 
 
3.1.2 Ammonium Sulfate 
  Ammonium sulfate (>99%, Fisher Scientific) was injected into the PGC by use of a 
pneumatic, V-groove nebulizer, taking an aqueous solution of 10,000 ppm ammonium sulfate 
and bringing it into a fine mist of particles that could be measured. Following nebulization, the 
particles were passed through a diffusion dryer to remove course water droplets before the 
ammonium sulfate particles were passed into the PGC. 
 
3.2 Growth Reagents  
 Dioctyl sebacate (97%) was purchased from Sigma-Aldrich and squalane (99%) was 
purchased from Fisher Scientific. Both reagents were used without further purification. 
11 
 
3.3 Dioctyl Sebacate 
3.3.1 Experimental Design 
The initial experimental set up for experiments using DOS as the organic matrix for 
particle growth is shown in Figure 3. 
 
 
Figure 3: Experimental design for DOS. Particles are generated in the PGC and are measured directly 
by SMPS 2. SMPS 1  measures the particles after they have passed through the DOS vapor and 
condenser. A mass spectrometer is used to measure the particles with after they have gone through the 
growth apparatus. Arrows indicate flow direction. 
 
 The particles of interest for growth analyses, also referred to as seed particles, were 
generated in the PGC as described in section 3.1, then pulled through the growth apparatus, 
shown in Figure 4. The DOS growth apparatus (DGA) consisted of a three-neck, pear-shaped 




Figure 4: DOS growth apparatus (DGA) is made up of a pear-shaped, three-neck flask rested in a 
heating mantle. A condenser is coming out of the top of the three-neck flask. The temperature of the DOS 
reservoir is regulated and maintained at present point of by use of a thermocouple and PID controller. 
 
The flask was placed in a heating mantle and the temperature controlled by use of a 
thermocouple/PID feedback loop system. The condenser temperature was set and maintained by 
use of a recirculating water-cooling system. Using the established flow rates from the SMPS, the 
mass spectrometer, and the house vacuum line (equipped with a 150 μm critical orifice for flow 
rate control), the seed particles were pulled through the inlet port of the three-neck flask, where 
they mixed with the organic matrix vapor. After mixing, the flow was directed through the 
condenser, where a region of supersaturation of DOS vapors was produced causing condensation 
of DOS onto the seed particles. Following coating, particles were directed to the SMPSs and the 
mass spectrometer. Another SMPS (SMPS 2) was set up to measure the particles directly from 





3.3.2 DOS Growth Apparatus Optimization and Characterization 
Temperature optimization of the DOS was necessary to ensure that nucleation (discussed 
in section 4.1.1) of pure DOS particles would not occur in experimental runs where seed 
particles were being measured.  
Preliminary experiments were performed to find the maximum DOS bath temperature 
that could be attained without formation of new DOS particles. The initial set up for the DOS 
growth apparatus is shown in Figure 3. Particle-free air (also termed zero air) was injected into 
the PGC and passed through the pear-shaped flask containing DOS. In the absence of any SOA 
particles, the temperature of the DOS reservoir was raised from 50 ⁰C in increments of 10℃ until 
homogeneously nucleated DOS particles were measured with the SMPS. Particles were detected 
(homogeneous nucleation occurred) when the DOS reached 100℃, so 90℃ was selected as the 
optimum temperature for the growth experiments. 
Once optimized temperatures were established for DOS, temperature optimization of the 
condenser was established. The use of a condenser was necessary to allow for organic matrix 
coating of particles passing through, however condensation of water vapor in the air, particularly 
when working under high RH conditions, needed to be considered so it would not interfere with 
subsequent chemical analyses. A typical dew point, or the temperature at which water vapor in 
the air condenses, is around 16℃, and therefore the condenser was set there for experimental 
runs. 
Characterization experiments were also done once optimized temperatures were 
established. Ammonium sulfate was generated in the PGC (as described in section 3.1.2) and 
was measured by SMPS 1 through DGA, and by SMPS 2 (Figure 3) to determine the particle 




3.4 Squalane  
3.4.1 Experimental Design 
The experimental set up and design for experiments run with Squ as the organic “growth” 
matrix involved a redesign of the growth apparatus (discussed in sections 4.1.3 and 4.2.1). The 
new design for Squ, SGA (Figure 5), offers a tandem heated condenser-cooled condenser for 
seed particles generated in the PGC to pass through.  
 
Figure 5: Squ growth apparatus (SGA) is shown in 5-a. The heated condenser was wrapped in heated 
tape with temperature control through the thermocouple that is submerged in the Squ reservoir. The 
cooled condenser is attached to the heated condenser. Figure 5-b shows the cross section of the heated 
condenser with the thermocouple. Arrow indicates flow direction. 
 
The heated condenser of SGA was designed to hold a Squ reservoir by using a fitted 
square condenser inside the outer round condenser which was wrapped with heating tape (Figure 
5-b). Squ vapor forms in the heated condenser and is condensed on to the seed particles when 
pulled through the cooled condenser. Flow rate of seed particles through SGA was established by 
SMPS 1, the vacuum line, and the mass spectrometer, shown in Figure 6. Direct measurements 





Figure 6: Particles generated in the PGC were pulled through SGA by the flow rates of SMPS 1, the 
vacuum line, and the mass spectrometer. SMPS 2 was used to take direct particle measurements without 
Squ, from the PGC. Arrows indicate flow direction. 
 
 
3.4.2 Squ Growth Apparatus Optimization and Characterization 
The temperature optimization for Squ in the squalane growth apparatus (SGA) was 
performed in a similar fashion as with DOS, described in the section 3.3.2. The differences from 
DGA when optimizing SGA are as follows. Instead of waiting for homogeneous nucleation to 
occur, ammonium sulfate particles were injected to the PGC starting at 42℃. The temperature of 
the heated condenser was increased in increments of 4℃ until the particle size of the ammonium 
sulfate particles going through the growth apparatus were showing larger diameters on SMPS 1 
than the particles being measured directly on SMPS 2 (i.e., particles were increasing in size due 
to condensation of Squ). The experimental set up and design for the Squ experiments is shown in 
Figure 6.  These particle size differences were observed between 68 and 80℃. Particle number 
was observed on both SMPS 1 and SMPS 2 throughout the optimization experiments to make 
sure that while ammonium sulfate particle size increased, the number of particles did not, which 
16 
 
would indicate homogeneous nucleation of the squalane.  The optimized temperature for Squ in 
SGA was determined to be between 76 and 80℃. 
 Experiments were performed to characterize SGA for particle transmission efficiency. 
CHA-derived SOA particles were sampled through SGA, absent of Squ, and the total particle 
concentration (number/cm
3
) was compared to direct particle measurements from the PGC. SMPS 
1 measured particles through SGA and SMPS 2 took direct particle measurements from the PGC. 
 
3.5 Experimental Runs 
 Particles were generated in the PGC using the methods described in section 3.1. For DOS 
and Squ experiments, the methods described in sections 3.3.1 and 3.4.1 were used, respectively. 
SMPS 1 was used to measure particles that had passed through the growth apparatuses and 
SMPS 2 was used to measure particles directly with no organic matrix. The mass spectrometer 
was used to perform chemical analysis of particles that had passed through the growth apparatus, 
as shown in Figure 3 and Figure 6. The mass spectrometer was also used to measure the particles 
directly from the PGC by switching the tubing shown in Figures 3 & 6 to tap into the line 
directed to SMPS 2 from the PGC.  
 
3.5.1 Humid Conditions 
 When running experiments for the analysis of humid conditions, elevated relative 
humidity (RH) was generated in the PGC prior to particle generation. To obtain near 70% RH 
without condensation on the inside of the PGC, deionized water was heated in a closed vessel 
and zero air flow was used to push the water vapor in to another closed vessel containing room 
temperature water. Zero air was used to push the water vapor from the room temperature vessel 




Figure 7: Apparatus for generating humid conditions in PGC. Arrows indicate air flow. 
 
4. RESULTS AND DISCUSSION 
4.1 Dioctyl Sebacate 
4.1.1 Apparatus Optimization and Characterization  
Dioctyl sebacate (DOS) was chosen as an option for the organic used to artificially grow 
aerosol particles based on the criteria established in section 2.4. However, based on preliminary 
work by other members of the research group, at high enough temperatures of the DOS reservoir, 
it is possible to generate pure particles of DOS through homogeneous nucleation.
36
 Therefore, 
initial experiments were done, as described in section 3.3.2, to determine the maximum 
temperature for DOS growth without initiating homogeneous nucleation of the DOS (as 
measured with the SMPS). In this work homogeneous nucleation started occurring at 100℃, so 
the DOS reservoir was kept at 90℃ for all coating experiments. At this temperature, the DOS 
vapor pressure in DGA would be sufficient to coat particles as they were passed through the 
condensing portion of the apparatus, but not enough to form pure DOS particles. Pure DOS 
particle formation would cause the particle distribution (like those in Figure 1) to misrepresent 
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the seed particle diameter, as it would be also measuring pure DOS. Formation of pure DOS 
would also cause particle number to be larger than the population of seed particles. Particle 
number, diameter, and density are all accounted for in the CSOA estimation, so with pure DOS 
particles (density 0.914 g/cm
3
, Table 1), this calculation would be skewed. 
 With the temperature optimized, potential seed particle loss within the DGA was 
measured (c.f., section 3.3.2). 
 Here, particle transmission efficiencies through the apparatus were calculated by 
comparing particle distributions exiting the DGA with those entering (for example, see Figure 8). 
By comparing total particle transmission (i.e., the sum of particles across all diameters), 
efficiencies between 87-94% were measured. It is interesting to note that the efficiency appeared 
to be independent of particle diameter. 
 
Figure 8: Particle number measurements with DOS exposure through the growth apparatus showed 6-
13% fewer particles than those taken without DOS. Lines are shown to aid the eye. 
 Because fewer particles were measured after passage through the DGA, this is considered 
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where seed particles can become stuck, and therefore not make it to the instrument for 
measurement. If experimental runs could show 6-13% loss (87-94% transmission efficiency), 
this would be acceptable for analysis, however if there is too much particle loss through a growth 
apparatus, measurement on the mass spectrometer may be impacted with lower mass loadings
37
 
and under representation of the particles. Further optimization of temperatures, the organic 
matrix, and the growth apparatus design would be necessary to improve transmission efficiency. 
This will be relevant later when particle transmission efficiency is discussed further in section 
4.1.3 and in the introduction of Squ to these experiments in section 4.2. 
4.1.2 Particle Growth with Dioctyl Sebacate 
 One of the applications of my project is to artificially grow particles to a size measurable 
by NIR-LDI-AMS in our laboratory. As discussed about, for efficient sampling by the particle 
inlet, seed particles must grow to a minimum of 50 nm. 
 Particle growth experiments were done according to section 3.5. 
Again, particle size distributions were measured pre- and post-the DGA. Results from a 
typical experiment are shown in Figure 9. Here, the geometric mean particle diameter, defined as 
the particle diameter at 50% probability point across the size distribution
38
 (seen in Figure 1), of 
aerosol entering and exiting the DGA is plotted as a function of time. On average, particle 
diameter was seen to increase by approximately 60 nm, bringing particles well within the 
sampling region of the particle inlet. The diameter increase was consistent in both dry and humid 





Figure 9: Particle diameter measured under humid and dry conditions. Particles measured through the 
DGA were 30-60 nm larger than the direct particle measurements, without DOS. Lines are shown to aid 
the eye. 
 
 Under humid conditions, the CHA-derived SOA particles at particle genesis were grown 
to a measurable size within the first few minutes of SOA formation, while the natural particles, 
without DOS, were under 50 nm until about 15 minutes after SOA formation.  
4.1.3 Particle Transmission Efficiencies with Dioctyl Sebacate 
 As stated above, some particle loss is expected through the growth apparatus due to the 
extra volume through which seed particles must travel. The characterization experiment was 
done to monitor these losses and potential formation of new particles. If more particles are 
measured through DGA than the losses that were seen in characterization experiments (Figure 8), 
this may suggest either a measurement error (instrumental), or the formation of particles from the 
growth matrix, (i.e., homogeneous nucleation under particle sampling conditions). If this was the 
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but instead show larger particles made of pure organic (DOS). Chemical analysis later may be 
impacted by pure particles or underrepresentation of the seed particle of interest.  
The SMPS measurements showed that with DOS there was particle diameter increase 
(Figure 9), but they also showed that through DGA (with DOS) there was a decrease in the 
number of particles measured under both humid and dry conditions (Figure 10).  
In Figure 10-a, the particle number for three experimental runs under dry conditions are 
shown. There is between 10% (Run 3) and 48% (Run 1) fewer particles measured with DOS 
exposure than without DOS throughout the three runs even though experimental conditions were 
maintained nominally constant. The transmission efficiencies for these particles is between 52% 
and 90%. Similarly, as shown Figure 10-b, particle transmission efficiencies when the DGA was 
in-line ranged from 53-71%. 




Figure 10: Particle number for CHA-derived SOA under dry (10-a) and humid (10-b) conditions 
measured with DOS, through DGA, and without DOS, measured directly from PGC. Lines are shown to 
aid the eye. 
The particle transmission efficiencies experienced in different experimental runs, both 
dry and humid, is inconsistent and varies significantly for experiments under the same 
conditions. When thinking about the optimal organic to use for the growth matrix component, 
DOS satisfies the established criteria, however, because of the inconsistencies in transmission 
efficiency across experimental runs, there were additional analyses that needed to be done to 













































To test whether the temperature being set to 90℃ was causing the transmission 
efficiencies to differ so greatly (i.e. unoptimized temperature), several experiments were also 
conducted at lower temperatures of the DOS bath. The particle diameter of CHA SOA in Run 1 
from Figure 10-a is shown in Figure 11. The diameter of CHA SOA particles is monitored as the 
temperature of the DOS reservoir is changed. As the temperature increased, so did the particle 
diameter, however, the number of particles measured through DGA (with DOS) stayed 
consistent throughout the experimental run. The difference in temperature appears to have no 
effect on the particle loss, and therefore the inconsistencies in particle loss through DGA cannot 
be attributed to an unoptimized temperature. 
 
 
Figure 11: Particle diameter from Run 1 in Figure 10-a. As temperature increased, for every 2℃, the 
particle diameter increased by 8-10 nm. Lines drawn and temperatures included to aid the eye. 
 The design of the growth apparatus is another area that could be optimized to improve 
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angles the particles had to traverse in order to flow through DGA. Figure 4 shows how when the 
particles enter DGA, they are directed straight down (toward the liquid DOS surface) and are 
pulled upward through the condenser by the established flow rates. This introduces opportunities 
for particles to become stuck, and thus lost, within the apparatus. Experiments were done to try 
to redirect the particles upon entrance to DGA, however, no reproducible, nor significant 
improvements in the amount of particle transmission efficiency were obtained. This becomes an 
area for possible improvement, which is addressed in the discussion of Squ in section 4.2.1.  
4.1.4 Mass Spectrometry  
 This project is centered on improving mass spectrometry measurements to surmount the 
current limitations. To test whether the concept of coating seed particles with an organic matrix 
for mass spectrometry measurement was feasible, DOS coated ammonium sulfate and SOA 
particles were analyzed. Representative mass spectra are shown in Figures 12 and 13, 
respectively. Spectra were normalized by setting the most intense peak to an intensity value of 1, 





Figure 12: Normalized mass spectrum obtained from DOS-coated ammonium sulfate particles. The most 
intense peak at nominal mass unit 97 is bisulfate, HSO4 
-





































































 Figure 13 also shows a mass spectrum obtained for uncoated CHA SOA for comparison. 
This spectrum is in the positive intensity region and the spectrum obtained with DOS coating has 
been flipped (with negative intensity) to show peak by peak comparison between the spectra. 
Ammonium sulfate seed particles are solid phase
36
 and thus are used to show that by 
coating solids in a liquid organic layer (DOS
36
) they can be measured by mass spectrometry. 
Ammonium sulfate particles are solid under our working RH conditions, and so are expected to 
bounce from the aluminum probe surface upon impaction. As such, we cannot measure aerosol 
mass spectra for these particles. However, upon coating with DOS, a mass spectrum emerges 
(Figure 12). Nonetheless, while chemical analysis of the sulfate particles was possible, 
ammonium sulfate is a simple molecule, which should only produce several different m/z ion 
peaks. One of these ions, HSO4
-
 dominates the spectrum at m/z 97. A second, smaller ion signal 
is also observed for the sulfate fragment (which shows up at the single charged SO4
-
 ion) at m/z 
96. The majority (if not all) of the other ion peaks measured likely originate from the DOS and 
serve only to complicate the spectrum.
 
 Similarly, the CHA SOA spectra (Figure 13) show a clear difference between the 
particles measured with DOS and without DOS. Many of the intense peaks in the “Without 
DOS” spectrum, are still visible in the “With DOS” spectrum. However, there are many more 
intense peaks that would make discerning the actual spectrum difficult if the “With DOS” 
spectrum did not have a “Without DOS” counterpart. For example, if there were small particles 
that were only measurable with the organic matrix coating, the peaks that appear as a result of 
DOS would interfere with the subsequent chemical analysis of the small particles that do not 
have a direct measurement data available. 
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 While DOS gives promising results in terms of particle growth and ability to measure 
particles previously inaccessible to our existing methods, the inconsistent particle losses through 
DGA and the appearance of interfering peaks on the mass spectra suggest that further 
optimization to the method was needed. Therefore, no further work was expended on 
optimization of DGA due to the unsatisfactory mass spectrometry results. 
4.2 Squalane 
 Squalane (Squ) was identified as another organic matrix that met the criteria we 
established for the growth matrix. In this section, I will show that where DOS was designated 
unsuitable for the organic by which to grow particles for measurement, Squ appears promising. 
4.2.1 Apparatus Optimization and Characterization 
In section 3.4.1, I defined the Squ growth apparatus (SGA) as a redesigned, or optimized, 
growth apparatus. Due to the particle losses experienced with DGA, and to minimize variables 
that may affect the qualifications for Squ as a growth media, SGA was developed and is shown 
in Figure 5. 
Temperature optimization of Squ in SGA was done according to the methods described 
in section 3.4.2. When the particle diameter measured with Squ, through SGA, was larger than 
the particle diameter measured without Squ, the temperature of the Squ was recorded. The 
temperature range established for optimal particle growth from this process was 76-80℃. Figure 
14 shows that when CHA-derived SOA is exposed to Squ through the growth apparatus, the 




Figure 14: Particle diameter and number measured through SGA and directly from the PGC as the 
temperature of SGA was changed throughout the optimized temperature range. Lines are drawn and 
temperatures shown to aid the eye. 
 
 Similar to the results obtained with DOS (Figure 11), Figure 14 shows that throughout 
the optimized temperature range, there is variability in particle size, however the particle 
transmission efficiencies through SGA stay consistent for an average of approximately 80%.  
As temperature of Squ was increased and decreased, the amount of particle growth 
through SGA increased and decreased accordingly. Particle diameter growth ranged from 12 nm 
























14-a, the particle number remains constant in both the “With Squalane” and “Without Squalane” 
measurements, shown in Figure 14-b. 
 Characterization showed that there was an average of 87.4% particle transmission 
efficiency through SGA in the absence of Squ (Figure 15). In the presence of Squ the average 
particle transmission efficiency decreased to near 80% through SGA, which is still acceptable. 
More discussion of particle transmission efficiency through SGA and consistency of these 
efficiencies between the characterization experiment and the experimental runs is to follow in 
section 4.2.3.  
 
Figure 15: Particle number measured through SGA and directly during the characterization experiment 
in the absence of Squ. Lines are shown to aid the eye. 
4.2.2 Particle Growth with Squalane 
Experiments using Squ were performed for growth in accordance with sections 3.4.1 and 
3.5.  
Particle growth was measured using SMPSs and is presented in Figure 16. Figures 16-a, 
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2 ceased to function and so SMPS 1 was used to make both direct measurements, and 
measurements through SGA.  
Particles measured with Squ, through SGA, showed geometric mean diameters that were 
larger than those measured directly, without Squ (as shown above). In Figure 16-a, CHA SOA is 
shown under both humid and dry conditions. Particles grew by an average of 17 nm and 16 nm 
under humid and dry conditions, respectively. There was an average of 22 nm, 45 nm, and 29 nm 
growth in Figures 16-b, 16-c, and 16-d, respectively. 
 
 
Figure 16: Particle diameter measured both through SGA and directly. Through SGA, particle diameter 
was larger than direct measurements, without Squ. Lines are shown to aid the eye. 
 Because the particle diameters are larger through SGA, the data in Figure 16 suggests 
that Squ is successful in artificially growing each of the five seed particle varieties that were used 
in experimental runs.  
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 A motivation for my project was the observation of CHA-derived SOA particles under 
humid conditions forming particles that were smaller than 50 nm in diameter, however, the 
observation of these particles upon formation did not persist by the time Squ was being used. 
This can be seen in Figure 16-a. Though these particles started forming around 100 nm in 
diameter, which is large enough to efficiently sample with the NIR-LDI-AMS spectrometer, Squ 
was still able to grow these particles, and so the proof-of-concept of my project was still valid.  
Other members of the research group were studying 1-octene-3-ol (OTL), another GLV, 
and observed ultrafine particles upon formation and throughout the experimental runs. Because 
ultrafine CHA-derived SOA particles were no longer being observed, the OTL SOA experiment 
(Figure 16-d) was included as an additional proof-of-concept of my project. Shown in the 
“Without Squalane” data, OTL SOA particles remained below 50 nm throughout the entire 
experimental run, but measurement with Squ shows that they were larger than 50 nm. Artificial 
growth to measurable sizes by Squ is shown with the inclusion of the OTL SOA experiment. 
4.2.3 Particle Transmission Efficiency with Squalane 
 Particle transmission efficiency through the apparatus was measured by monitoring the 
number of particles measured through SGA and those measured directly. The same experimental 
runs shown in Figure 16 for particle diameter are showed in Figure 17 for particle number (with 




Figure 17: Particle number measured with and without Squ. Through SGA, with Squ, fewer particles are 
measured than without Squ. Lines are included to aid the eye. 
In Figure 17-a both dry and humid CHA-derived SOA experimental runs are shown, each 
with an average of 85% particle transmission efficiency through SGA. Figures 17-b and 17-c 
show average particle transmission efficiencies of 89% and 92%, respectively. When comparing 
the particle losses from the characterization experiment (Figure 14) to those of the experimental 
runs in Figure 17, they are all close to, or within the range of transmission efficiency experienced 
in the absence of Squ.  
This is much more consistent than what was seen with DOS, making Squ a better 
candidate for growth and experimental reproducibility. As stated above however, mass 
spectrometric analysis is the ultimate motivator for this project, so the organic matrix used for 
coating particles must not complicate mass spectra. Use of DOS for particle growth and coating 


































































AMS spectrometer. In the next section, mass spectra showed attesting to the improved analytical 
capabilities of using Squ as the growth matrix for a variety of seed particles.  
4.2.4 Mass Spectrometry  
 Ammonium sulfate was again used to model solid particles for mass spectrometry 
measurement. Again, when these particles are measured without any type of coating (like DOS 
or Squ), no mass spectrum is obtained. Coating these particles in Squ showed only a few peaks, 
making chemical analysis and assignment of peaks simple (Figure 18). The peak at nominal m/z  
97 is the bisulfate (HSO4
-
) peak, followed by 123 which can be assigned to an Al
-
 (from the 
aluminum probe)/SO4
2-
 (sulfate) ion cluster. The most intense peak at nominal m/z  219 can be 
attributed to combinations of the lower mass peaks, although it could not be directly identified. 
 
 
Figure 18: Normalized mass spectrum of ammonium sulfate particles coated in Squ. 
 
 Comparing Figure 18 to Figure 12, it is clear that Squ contributes far fewer signals to the 
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ammonium sulfate, and therefore is better suited to coating solid particles so that they may be 
measured with minimal interference from extraneous matrix ions. 
 Figure 19, showing the mass spectra for dry CHA-derived SOA particles both with and 
without Squ shows an almost peak to peak mirroring the spectra. Similarly, Figure 20 shows the 
mass spectra for humid CHA-derived SOA particles. Here, we see a general similarity between 
the two spectra, showing the same general patterns of peaks; however, the peak-to-peak 
correspondence is not as good. Nonetheless, contrary to the case of DOS-coated SOA particles, 
the mass spectra are relatively free of matrix interferences and spectral comparison more reliable.  
 HXL-derived SOA was generated and measured using Squ. The mass spectra obtained 
both with and without Squ are presented in Figure 21.  While some of the higher nominal mass 
units are missing peaks in the “With Squalane” spectrum that appear in the “Without Squalane” 
spectrum, many of the rest of the peaks are in alignment with each other. This is further evidence 
that particles artificially grown with Squ are identifiable in a mass spectrum without 





Figure 19: Normalized mass spectra of CHA-derived SOA under dry conditions with and without Squ. 
 






























































Figure 21: Normalized mass spectra for HXL-derived SOA with and without Squ. 
   
While particle growth to measurable size was observed in the OTL-derived SOA 
experiment, no mass spectra were obtained. However, this is not due to a failure of the Squ to 
allow for ultrafine particle measurement, but rather, low particle mass loading, under 1 μg per 
m
3
, is below the sensitivity of our mass spectrometer method.
 
Even when sampling for 240 
seconds in efforts to deposit enough SOA for measurement, no spectra were obtained.  
The results presented from the studies using Squ have shown that artificial growth (by 
increasing particle diameter) and coating seed particles through SGA can be used for mass 
spectrometry measurement. A successful collection of mass spectral data for ammonium sulfate 
particles using NIR-LDI-AMS was achieved, as was measurement of “grown” secondary organic 



































5. CONCLUSIONS  
 
Because of their impacts on the atmosphere, climate, and human health, the formation 
and ageing processes of SOA are of particular interest to the Petrucci Group.
2,7,9,10,12
 Significant 
contributions to SOA mass from GLV precursors have been identified
6,7,14
, and therefore, they 
have been the focus of the research conducted in the Petrucci Group. GLVs are emitted by leafy 
plants as a response to plant tissue damage and plant signaling, and though expansive areas of 
the world are covered in turfgrass and other leafy plants, GLVs remain poorly studied and 
understood. Primary GLV emissions from turf grass include CHA and HXL.
14
 Oxidation of both 
CHA and HXL with ozone to form their respective SOA products has been studied by the 
Petrucci Group in efforts to understand how processes such as mowing the lawn or chopping 
sugarcane can form SOA, and how this SOA can impact the atmosphere and environment.
6,7,14,15 
Recent work done in the group has shown that under humid conditions (RH, 75%), CHA-
derived SOA particles were 20-30 nm in diameter upon formation. This is too small for mass 
spectrometry measurements to be obtained due to inefficient particle sampling with the 
aerodynamic lens of the mass spectrometer. 
Aerosol mass spectrometry has become the standard method for chemical analyses of 
SOA products, and the Petrucci Group has developed a mass spectrometer that utilizes soft 
ionization to minimize fragmentation and greatly deconvolute mass spectra.
25
 NIR-LDI with a 
time-of-flight mass spectrometer is employed for mass spectral chemical analyses. A limitation 
of this instrument, and of all current instruments using particle lenses for aerosol sampling, is 
that the particle lens only efficiently collimates particles with diameters greater than 50 nm. 
Additionally, solid particles tend to rebound from the aluminum wire probe at which they are 
directed due to their high velocity prior to impaction. 
38 
 
 In this work, a method for the artificial growth and coating of aerosol particles for mass 
spectrometry measurement has been presented. A growth apparatus designed for the 
condensation of an organic matrix on to seed particles was used to deposit a Squ-coating. This 
coating provided an increase in aerosol particle diameter to a size which would allow for the 
ultrafine particles observed to be measured upon formation. The Squ also provided a liquid shell 
coating to solid ammonium sulfate particles, allowing for deposition on the aluminum wire probe 
and mass spectrometry measurement. Both applications of the project were achieved and a 
suitable organic for the growth medium was identified.  
Though the criteria established in section 2.4 led the research in the direction of using 
DOS, it was deemed unsuitable a growth matrix for mass spectral analysis. The experimental 
runs with DOS showed that although growth and mass spectrometry measurement was possible, 
there were particle transmission efficiencies ranging from 52-90% throughout experimental runs 
under the same conditions. While optimization of the apparatus was under way, the appearance 
of peaks from DOS on mass spectra interfered with chemical analyses. This was an automatic 
disqualifier for the use of DOS. 
Use of Squ showed that particle growth by up to 60 nm for some particles was possible, 
but even along the smaller range of particle growth observed, ~17 nm, ultrafine particles would 
quickly be grown to a measurable size. The optimization of the growth apparatus, SGA, allowed 
for particle transmission efficiencies throughout experimental runs to be reproducible and 
comparable to the characterization experiment. Mass spectra were also obtained using Squ. For 
ammonium sulfate, which normally cannot be measured with NIR-LDI-AMS, a simple spectrum 
with few peaks was collected.  For CHA-derived SOA particles under dry conditions, there was 
no interference from Squ, as the spectra obtained with and without Squ were almost identical. 
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The other SOA particles, CHA-derived under humid conditions and HXL-derived, show very 
similar spectra with and without Squ. Though they are not as close as with CHA-derived SOA 
under dry conditions, there is still minimal interference as the peak patterns are the same with 
and without Squ.  
Studies of both CHA-derived SOA under humid conditions and HXL-derived SOA with 
Squ were cut short due to the stay-at-home order of Governor Phil Scott, however, based on the 
work presented with CHA-derived SOA under dry conditions and ammonium sulfate, Squ is 
effective in growing and coating particles for mass spectrometry measurement. There is minimal 
interference from Squ on the mass spectra that were collected for each of the various seed 
particles studied. More studies with CHA SOA under humid conditions and HXL SOA would 
help to understand the reproducibility of Squ appearance or non-appearance on the spectra. 
Further studies of ultrafine particles would also be useful for understanding any nuances in mass 
spectrometry measurement with artificial growth. By the time that studies with Squ were 
underway, formation of ultrafine particles with CHA-derived SOA under humid conditions was 
no longer observed, and though small particles with OTL were able to be grown to a measurable 
size, low mass loading prevented NIR-LDI-AMS measurement. 
Based on the needs of the research group and the limitations in our ability to measure 
ultrafine and solid phase particles, a method has been developed for the artificial growth of 







1. Zahardis, J.; Geddes, S.; Petrucci, G. A. Improved Understanding of Atmospheric 
Organic Aerosols via Innovations in Soft Ionization Aerosol Mass Spectrometry. 
Analytical Chemistry 2011, 83 (7), 2409–2415. 
2. Hallquist, M. The Formation, Properties and Impact of Secondary Organic Aerosol: 
Current and Emerging Issues. Atmospheric Chemistry and Physics 2009, 9, 5155–5236. 
3. Ylisirniö, A.; Buchholz, A.; Mohr, C.; Li, Z.; Barreira, L.; Lambe, A.; Faiola, C.; Kari, 
E.; Yli-Juuti, T.; Nizkorodov, S. A.; Worsnop, D. R.; Virtanen, A.; Schobesberger, S. 
Composition and Volatility of SOA Formed from Oxidation of Real Tree Emissions 
Compared to Single VOC-Systems. 2019. 
4. Xu, J.; Griffin, R. J.; Liu, Y.; Nakao, S.; Cocker, D. R. Simulated Impact of NO x on 
SOA Formation from Oxidation of Toluene and m -Xylene. Atmospheric Environment 
2015, 101, 217–225. 
5. Waring, M. S.; Wells, J. R. Volatile Organic Compound Conversion by Ozone, Hydroxyl 
Radicals, and Nitrate Radicals in Residential Indoor Air: Magnitudes and Impacts of 
Oxidant Sources. Atmospheric Environment 2015, 106, 382–391. 
6. Harvey, R. M.; Bateman, A. P.; Jain, S.; Li, Y. J.; Martin, S.; Petrucci, G. A. Optical 
Properties of Secondary Organic Aerosol from Cis-3-Hexenol and Cis-3-Hexenyl 
Acetate: Effect of Chemical Composition, Humidity, and Phase. Environmental Science 
& Technology 2016, 50 (10), 4997–5006. 
7. Jain, S.; Zahardis, J.; Petrucci, G. A. Soft Ionization Chemical Analysis of Secondary 
Organic Aerosol from Green Leaf Volatiles Emitted by Turf Grass. Environmental 
Science & Technology 2014, 48 (9), 4835–4843. 
8. Liang, L.; Engling, G.; Cheng, Y.; Zhang, X.; Sun, J.; Xu, W.; Liu, C.; Zhang, G.; Xu, 
H.; Liu, X.; Ma, Q. Influence of High Relative Humidity on Secondary Organic Carbon: 
Observations at a Background Site in East China. Journal of Meteorological Research 
2019, 33 (5), 905–913. 
9. Kanakidou , M. et al. Organic Aerosol and Global Climate Modelling: a Review. 
Atmospheric Chemistry and Physics 2005, 5, 1053–1123. 
10. Zhang, Q.; Jimenez, J. L.; Canagaratna, M. R.; Allan, J. D.; Coe, H.; Ulbrich, I.; Alfarra, 
M. R.; Takami, A.; Middlebrook, A. M.; Sun, Y. L.; Dzepina, K.; Dunlea, E.; Docherty, 
K.; Decarlo, P. F.; Salcedo, D.; Onasch, T.; Jayne, J. T.; Miyoshi, T.; Shimono, A.; 
Hatakeyama, S.; Takegawa, N.; Kondo, Y.; Schneider, J.; Drewnick, F.; Borrmann, S.; 
Weimer, S.; Demerjian, K.; Williams, P.; Bower, K.; Bahreini, R.; Cottrell, L.; Griffin, R. 
J.; Rautiainen, J.; Sun, J. Y.; Zhang, Y. M.; Worsnop, D. R. Ubiquity and Dominance of 
Oxygenated Species in Organic Aerosols in Anthropogenically-Influenced Northern 
Hemisphere Midlatitudes. Geophysical Research Letters 2007, 34 (13). 
11. Scott, C. E.; Rap, A.; Spracklen, D. V.; Forster, P. M.; Carslaw, K. S.; Mann, G. W.; 
Pringle, K. J.; Kivekäs, N.; Kulmala, M.; Lihavainen, H.; Tunved, P. The Direct and 
Indirect Radiative Effects of Biogenic Secondary Organic Aerosol. Atmospheric 
Chemistry and Physics 2014, 14 (1), 447–470. 
12. Stockman, J. Fine-Particulate Air Pollution and Life Expectancy in the United States. 
Yearbook of Pediatrics 2010, 2010, 567–569. 
41 
 
13. Yenisoy-Karakaş, S.; Dörter, M.; Odabasi, M. Intraday and Interday Variations of 69 
Volatile Organic Compounds (BVOCs and AVOCs) and Their Source Profiles at a Semi-
Urban Site. Science of The Total Environment 2020, 723, 138028. 
14. Harvey, R. M.; Zahardis, J.; Petrucci, G. A. Establishing the Contribution of Lawn 
Mowing to Atmospheric Aerosol Levels in American Suburbs. Atmospheric Chemistry 
and Physics 2014, 14 (2), 797–812. 
15. Harvey, R. M.; Petrucci, A. N.; Petrucci, G. A. The Role of Sugarcane Harvesting in the 
Formation of Atmospheric Aerosols and their Effects on Air Quality 2016. 
16. Ramírez-Medorio, N. J.; Hernández-Rosas, F.; Osorio-Acosta, F.; López-Collado, J.; 
Figueroa-Rodríguez, K. A.; Amante-Orozco, A. Chemical Composition of Volatiles from 
Sugarcane Leaves and Pastures by Gas Chromatography. Revista Mexicana de Ciencias 
Agrícolas 2019, No. 22, 129–138. 
17. Jimenez, J. L. Ambient Aerosol Sampling Using the Aerodyne Aerosol Mass 
Spectrometer. Journal of Geophysical Research 2003, 108 (D7). 
18. Petrucci, G. A.; Farnsworth, P. B.; Cavalli, P.; Omenetto, N. A Differentially Pumped 
Particle Inlet for Sampling of Atmospheric Aerosols into a Time-of-Flight Mass 
Spectrometer: Optical Characterization of the Particle Beam. Aerosol Science and 
Technology 2000, 33 (1-2), 105–121. 
19. Nieminen, T.; Lehtinen, K. E. J.; Kulmala, M. Sub-10 Nm Particle Growth by Vapor 
Condensation – Effects of Vapor Molecule Size and Particle Thermal Speed. 
Atmospheric Chemistry and Physics 2010, 10 (20), 9773–9779. 
20. Tu, P.; Johnston, M. V. Particle Size Dependence of Biogenic Secondary Organic 
Aerosol Molecular Composition. Atmospheric Chemistry and Physics 2017, 17 (12), 
7593–7603. 
21. Shiraiwa, M.; Yee, L. D.; Schilling, K. A.; Loza, C. L.; Craven, J. S.; Zuend, A.; 
Ziemann, P. J.; Seinfeld, J. H. Size Distribution Dynamics Reveal Particle-Phase 
Chemistry in Organic Aerosol Formation. Proceedings of the National Academy of 
Sciences 2013, 110 (29), 11746–11750. 
22. Kroll, J. H.; Seinfeld, J. H. Chemistry of Secondary Organic Aerosol: Formation and 
Evolution of Low-Volatility Organics in the Atmosphere. Atmospheric Environment 
2008, 42 (16), 3593–3624 
23. Jimenez, J. L. et al. Evolution of Organic Aerosols in the Atmosphere. Science 2009, 
(326) 1525–1529.  
24. He, Z.; Wang, X.; Ling, Z.; Zhao, J.; Guo, H.; Shao, M.; Wang, Z. Contributions of 
Different Anthropogenic Volatile Organic Compound Sources to Ozone Formation at a 
Receptor Site in the Pearl River Delta Region and Its Policy Implications. Atmospheric 
Chemistry and Physics 2019, 19 (13), 8801–8816. 
25. Geddes, S.; Nichols, B.; Flemer, S.; Eisenhauer, J.; Zahardis, J.; Petrucci, G. A. Near-
Infrared Laser Desorption/Ionization Aerosol Mass Spectrometry for Investigating 
Primary and Secondary Organic Aerosols under Low Loading Conditions†. Analytical 
Chemistry 2010, 82 (19), 7915–7923. 
26. Zhang, X.; Smith, K. A.; Worsnop, D. R.; Jiminez, J. L.; Jayne, J. T.; Kolb, C. E.; Morris, 
J.; Davidovits, P. Numerical Characterization of Particle Beam Collimation: Part II 
Integrated Aerodynamic-Lens–Nozzle System. Aerosol Science and 
Technology 2004, 38 (6), 619–638. 
42 
 
27. Liu, P. S. K.; Deng, R.; Smith, K. A.; Williams, L. R.; Jayne, J. T.; Canagaratna, M. R.; 
Moore, K.; Onasch, T. B.; Worsnop, D. R.; Deshler, T. Transmission Efficiency of an 
Aerodynamic Focusing Lens System: Comparison of Model Calculations and Laboratory 
Measurements for the Aerodyne Aerosol Mass Spectrometer. Aerosol Science and 
Technology 2007, 41 (8), 721–733. 
28. Matthew, B. M.; Middlebrook, A. M.; Onasch, T. B. Collection Efficiencies in an 
Aerodyne Aerosol Mass Spectrometer as a Function of Particle Phase for Laboratory 
Generated Aerosols. Aerosol Science and Technology 2008, 42 (11), 884–898. 
29. Lim, C. Y.; Browne, E. C.; Sugrue, R. A.; Kroll, J. H. Rapid Heterogeneous Oxidation of 
Organic Coatings on Submicron Aerosols. Geophysical Research Letters 2017, 44 (6), 
2949–2957. 
30. Amanatidis, S.; Yoder, B. L.; Signorell, R. Low-Energy Photoelectron Transmission 
through Aerosol Overlayers. The Journal of Chemical Physics 2017, 146 (22), 224204. 
31. Squalane 234311. 
https://www.sigmaaldrich.com/catalog/product/aldrich/234311?lang=en®ion (accessed 
Apr 2020). 
32. Bis(2-ethylhexyl) sebacate 84822. 
https://www.sigmaaldrich.com/catalog/product/aldrich/84822?lang=en®ion (accessed 
Apr 2020). 
33. Dioctyl sebacate - Registration Dossier. https://echa.europa.eu/registration-dossier/-
/registered-dossier/20294/1 (accessed Apr 2020). 
34. Zafar, A.; Chickos, J. The Vapor Pressure and Vaporization Enthalpy of Squalene and 
Squalane by Correlation Gas Chromatography. The Journal of Chemical 
Thermodynamics 2019, 135, 192–197. 
35. Kostenidou, E.; Pathak, R. K.; Pandis, S. N. An Algorithm for the Calculation of 
Secondary Organic Aerosol Density Combining AMS and SMPS Data. Aerosol Science 
and Technology 2007, 41 (11), 1002–1010. 
36. Jain, S.; Petrucci, G. A. A New Method to Measure Aerosol Particle Bounce Using a 
Cascade Electrical Low Pressure Impactor. Aerosol Science and Technology 2015, 49 (6), 
390–399. 
37. Gao, Y.; Hall, W. A.; Johnston, M. V. Molecular Composition of Monoterpene 
Secondary Organic Aerosol at Low Mass Loading. Environmental Science & 
Technology 2010, 44 (20), 7897–7902. 
38. Richards, J. R. United States Environmental Protection Agency Air Pollution Training 
Institute Student Manual 3rd Edition. 
 
